Vasoactive drugs alter smooth muscle tone not only in arterial resistance vessels, but also in large conduit arteries. The resultant changes in smooth muscle tone alter both conduit vessel size and stiffness and hence influence pulsatile components of left ventricular afterload. The effects of smooth muscle relaxation and contraction on arterial elastic properties are complex and have not been fully characterized. Several recent studies have utilized a new intravascular ultrasound technique to study the effects of changes in smooth muscle tone on brachial artery elastic mechanics in normal human subjects in vivo. Smooth muscle. relaxation with nitroglycerin improves isobaric brachial artery compliance without significantly altering arterial wall stiffness as measured by incremental elastic modulus (E lnc ) ' The improvement in compliance with smooth muscle relaxation is the net result of factors that: (1) increase wall stiffness (increased tension in parallel elastin and collagen fibers); (2) decrease wall stiffness (decreased tension in the smooth muscle and its associated series elastic component); and (3) increase vessel lumen size. Using a modified Maxwell model for the arterial wall, smooth muscle relaxation is also shown to shift the predominant elements contributing to wall stress and E lnc from smooth muscle and the collagen fibers in series with the smooth muscle to collagen fibers in parallel with the smooth muscle. A better understanding of the mechanisms contributing to changes in arterial elastic mechanics following alterations in smooth muscle tone will help in developing pharmacologic therapies aimed at reducing pulsatile components of left ventricular afterload.
Introduction
Vasoactive medications are usually assessed by their ability to alter tone in arterioles and hence change blood pressure. However, these drugs may also have important hemodynamic effects as a result of their ability to alter large artery size and stiffness. The effects of drugs on arterial elastic properties have been difficult to interpret owing to a number of factors. These include differences in techniques for measuring arterial elastic properties, varying sites of measurement, difficulty in measuring certain parameters (e.g. vessel diameter and wall thickness), varying definitions of the elastic properties determined and difficulty in separating direct effects of a drug on arterial elastic properties from the indirect effects resulting from a change in distending pressure. This review focuses on the physiologic aspects of drug effects on arterial elastic properties and the potential mechanisms contributing to drug-related changes in conduit vessel elastic mechanics. one cell layer thick and thus does not directly generate significant wall tension. It may contribute to arterial wall stiffness, however, by releasing vasoactive factors such as nitric oxide, prostacyclin or endothelin, which indirectly alter arterial wall size and stiffness through effects on the smooth muscle. The layer that contributes predominantly to arterial wall mechanical properties is the media. The major components of the media are collagen, elastin and smooth muscle. The pressure-volume relationship in an artery has been known for many years to be curvilinear, with a gradually decreasing change in volume for a given increase in pressure.' By dissolving either collagen or elastin with appropriate proteases, Roach and Burton-have shown that the shape of the pressure-volume curve of an artery is a result of differential engagement of collagen and elastin at different arterial pressures.' At low distending pressure the predominant component of the arterial wall contributing to arterial stiffness is the relatively distensible elastin. As pressure is increased, the much stiffer collagen bears an increasingly greater proportion of the load. In simplistic form, the arterial wall consists of distensible elastin and stiff collagen, with collagen fibers gradually engaging and contributing to arterial wall stiffness as the artery is stretched. These collagen and elastin fibers are presumed to be in parallel with the smooth muscle so that smooth muscle contraction or relaxation influences the stretch of these fibers only by changing vessel circumference. Although the contributions of parallel collagen and elastin to arterial elasticity have been fairly well defined, the role of smooth muscle in arterial elasticity is unclear. Also, the interactions 1358-863X(97)VMl600A
Reasons for differences in study conclusions
Isometric versus isobaric ?ne I~ajor reason for differences in the conclusions of mvestigators assessing the contribution of smooth musclẽ igure 1 Images of a normal brachial artery with Intravascular ultrasound. Images were obtained under three levels of smooth. muscle tone at three different transmural pressu~es. Brachial artery cross-sectional area increased with increasing~ress~re and decreasing smooth muscle tone. The catheter~rtlfact IS~een within the lumen of each image.
(NTG =nltroqlvcerin: NE =norepinephrine.) ( o jects. Simultaneous brachial artery pressure and IVUS images were obtained so that arterial pressure, cross-sectional area and wall thickness could be determined off-line at any point in the cardiac cycle. Transmural pressure was reduced by inflating a pressurized upper arm cuff overlying the IVUS catheter and was defined as intra-arterial minus cuff p:essur~. Bolus infusions of nitroglycerin (100 IJ.g) and norepinephrine (1.2 IJ.g) could be infused through a sidearm of the arterial sheath a~doses that allered brachial artery smooth muscle tone without producing changes in blood pressure or other systemic effects. This technique allowed us to study brachial artery elastic properties over a wide range of transmural pressure and smooth muscle tone. Figure I shows IVUS images obtained in an individual at three different transmural pressures under three levels of smooth muscle tone. By plotting pressure-area data and fitting this data to an arctangent equation.!' the three curves sho.wn . in Figure 2 were generated. By taking the first de.nvatl,:,e of the pressure-area curves, pressure-compliance c~rv~s were obtained ( Figure 3 ). Nitroglycerin produced a significant (p < 0.05) upward shift in the baseline press~re--c0?"lpliance curve of approximately 45% , whereas norepinephrine resulted in a smaller downward shift. Despite the~arge inc.rease in~?mpliance with nitroglycerin co.mp.ared WIth b~seltne conditions, there was no significant shift 10 the baseltne pre~sure-Eil1c curve with nitroglycerin.
Smooth muscle relaxation thus altered ill vivo brachial artery~ompliance predominantly by increasing brachial artery size rather than by reducing arterial wall stiffness.
Effects of smooth muscle on arterial elastic properties
A number of terms have been used to describe arterial elasic properties. In some papers definitions have varied, leadmg to confusion. Since in vivo arterial studies usually measure vessel diameter or cross-sectional area, definitions will be given using area rather than volume. The following definitions will be used throughout the remainder of this paper. Compliance (C) is the change in area (aA) for a given change in pressure (dP). Since the pressure-area relationship in an artery is not linear, compliance must be defined at a given pressure or area. Compliance is measured as the first derivative (dA/dP) or tangent to the pressurearea curve. Distensibility (D) is the compliance divided by the vessel area: (aA/dP)/A . Distensibility thus normalizes for the size of the vessel and allows for a more direct comparison of arterial stiffness in arteries of different sizes.
Stress (rr) is the intensity of force acting over a given area.
Circumferential wall stress for an artery is defined as: P x rlh, where r is vessel radius and h is wall thickness. Strain (e) is the percentage change in length that occurs when a vessel is exposed to a stress. Circumferential wall strain is thus (27Tr2 -27Tr,)I27Tr, or (r2 -rl)/r l , where r, and 2 are. the initial and final vessel radii respectively. Some mvesngators define strain as:
modulus is a term that describes the relationship between stress and strain in a vessel. Most objects made of a single material follow Hooke's law, which states that the relationship between stress and strain is linear over most strains. The arterial wall demonstrates a nonlinear stress-strain relationship and hence the term 'incremental elastic modulus' (E;nJ is used to describe the tangent or first derivative of the stress-strain curve (do/de), As with compliance, E;"., must be given at a specific pressure, stress or strain. Unlike compliance, E inc is a measure solely of wall stiffness.
Definition of terms
between smooth muscle and connective tissue elements in series with the smooth muscle is not clearly understood.
Studies of the effects of smooth muscle contraction or relaxation on arterial elastic mechanics have produced conflicting results. Some animal studies have shown that alphaagonist vasoconstriction decreases arterial stiffness,J-5 whereas others suggest it increases arterial stiffness" under isobaric conditions. Studies of different vasodilator drugs-? have tended to demonstrate decreases in isobaric arterial stiffness. Numerous human studies have been performed to assess the effects of vasodilator and vasoconstrictor drugs on arterial elastic properties. Most have shown increases in arterial compliance in response to vasodilator stimuli'"!' and decreases in arterial compliance following vasoconstr-
iction."
We performed studies':' in normal human subjects to assess the direct in vivo effects of smooth muscle relaxation and contraction on arterial wall elastic properties. An intravascular ultrasound (lVUS) catheter was placed through a sheath into the brachial artery of eight normal human sub- 
ain the direct effect of the drug on the vessel wall. This problem can be overcome by using techniques that allow for determination of compliance-pressure curves over the entire pressure range between systole and diastole 1 2.15.16 and comparing isobaric compliance under the two conditions. Alternatively, one can avoid changes in blood pressure by administering vasoactive agents intra-arterially in doses large enough to alter directly the conduit vessel smooth muscle tone without systemic effects.
TRANS.,URAL PRESSURE (mm HII) Figure 3 Mean transmural pressure vs compliance curves at baseline and following intra-arterial nitroglycerin (NTG) and norepinephrine (NE). Brachial artery compliance significantly (p < 0.05) increased Over the entire pressure range following NTG and tended to decrease following NE, especially at lower transmural pressures. The magnitude of this effect is more clearly seen in the bottom figure, which shows the data on a smaller vertical scale.
Choice of unstressed radius (r0)
In order to calculate vessel strain, a reference or unstressed radius (r o ) must be determined or assumed. There are several issues related to the choice of this reference radius that can appreciably alter the results of a study. During in vitro TRANS.,URAL PRESSURE (mm HI) to arterial stiffness is that some compared elastic properties of arteries at constant size (isometric) and others at constant pressure (isobaric). Isometric and isobaric effects of a drug on arterial elastic properties can, in fact, be opposite. As shown by Barra et al," phenylephrine increases canine aortic E inc in vivo under isometric conditions but decreases E ine under isobaric conditions. Comparison of vessel elastic properties under both isometric and isobaric conditions is valuable. Isobaric comparisons are more physiologic and more directly clinically relevant since vessels exist in vivo within a narrow pressure range, not within a specific size range. However, as will be discussed later, isometric comparisons are useful in assessing the differential contributions of smooth muscle and its associated series elastic component, since collagen and elastin in parallel with the smooth muscle are engaged and contributing equally to arterial elastic properties in a vessel studied at different pressures and levels of smooth muscle tone, but of identical size.
Direct versus indirect effects of drugs
Any drug that lowers arterial pressure will indirectly increase compliance and decrease Ejnc owing to the pressure dependency of these parameters, as previously described. This indirect effect must be separated from the direct effect of the drug on the arterial wall of the conduit artery. This is not a problem during in vitro studies of arterial wall elastic properties. However, most in vivo studies of arterial elasticity use interventions (oral or intravenous medications, changes in sympathetic tone) that both alter systemic pressure and relax or contract arterial wall smooth muscle. If, for example, a single value of compliance is measured before and after systemic administration of a vasodilator, an improvement in compliance could be the result of a leftward shift along a given pressure-eompliance curve or an upward and leftward shift to a new pressure-eompliance curve. This differentiation is essential if one wants to ascer- mmHg were approximately 0.0 10 and 32 x 10 6 for norepinephrine, 0.010 and 38 x 10 6 for baseline and 0.015 and 37 x 10 6 for nitroglycerin conditions. These points are plotted in Figure 4 . If the pressure-area curves measured during this study are assumed to be linear between 90 and 100 mmHg, and if wall cross-sectional area is assumed to be constant,">" the theoretical compliance and E inc over this pressure range (mean pressure 95 mmHg) can be calculated for any value of inner radius at 100 mmHg (i.e. any hypothetical change in vessel size in response to this pressure increment). By substituting a wide range of values for inner radius at 100 mmHg for the actual measured values under each condition, the theoretical compliance-Fe; relationship for this vessel at a mean pressure of 95 mmHg under different levels of smooth muscle tone can be determined. As one would expect, under conditions of constant smooth muscle tone, there is an inverse relationship between E i lle and compliance that is curvilinear and has the x and y axes as asymptotes. Smooth muscle relaxation produces an upward and rightward shift of the Eine-compliance curve, with the magnitude of the shift directly proportional to the magnitude of the vasodilation. The vasodilated vessel is more compliant than the vasoconstricted vessel at the same Eine· The vasodilated vessel also has a higher E ine at the same compliance. This shift in the curve relating E ine and compliance occurs predominantly because vasodilation can alter both geometry and stiffness of a vessel. Compliance is related to both vessel geometry and stiffness, whereas E ine is related only to vessel stiffness. Comparison of the norepinephrine and baseline data at 95 mmHg transmural pressure shows no increase in compliance and hence a modest increase in E i ne under baseline studies using vessel strips or rings, the unstressed length or radius of the vessel can often be measured. However, the value of r o is dependent on the degree of smooth muscle tone at the time r o was measured. Should a single r o be used in the calculation of strain regardless of the state of smooth muscle contraction, or should separate ros be used for the same vessel depending on the level of smooth muscle tone? Most investigators use a single r o for both constricted and relaxed vessels, although there is some controversy surrounding this issue.' Dobrin'? argues that computing strains using a single reference r o more appropriately describes the behavior of vessels in vivo and treats each vessel as a single relaxed artery with superimposed vascular tone'? rather than as separate vessels made up of different materials.'
Another problem arises regarding r o during in vivo studies. It is usually not feasible to lower arterial pressure and hence stress to 0 mmHg in vivo. Some investigators" have arbitrarily defined r.; as the radius of the vessel at a given low (but greater than 0) transmural pressure." Others have simply defined a reference r o as the end-diastolic radius. The IVUS technique previously described allows us to measure r o for the first time in human arteries in vivo. We place an IVUS catheter into the brachial artery and center it under a cuff. By adding pressure to the external cuff, we can reduce transmural pressure, defined as the intra-arterial pressure minus the cuff pressure. When the cuff pressure is equal to diastolic pressure, the radius at 0 mmHg transmural pressure can be measured. Studies in 10 normal human subjects'? have demonstrated a high degree of reproducibility using this technique to measure roo
In vitro versus in vivo
In vitro studies have been important in understanding many aspects regarding the mechanical properties of arteries. However, there are a number of potential problems that may result in differences in the results of in vitro and in vivo studies. Vessel mechanical properties may change once the vessel is removed from its normal rnillieu. For example, dynamic E ine of the canine femoral artery has been shown to increase by nearly 50% immediately after removal and by almost 100% after overnight refrigeration. IS In addition, it is now well established that conduit vessels have substantial basal tone, probably in part related to basal sympathetic vasoconstriction. Additionally, many in vitro studies are performed under static conditions, whereas most in vivo studies are performed under dynamic conditions. Since dynamic E ine is approximately 1.5-2.0 fold higher than static E ine , 19 this can be an important consideration.
Relationship between compliance and E 1n c
It is sometimes assumed that if a drug increases arterial compliance, it must have decreased arterial E ine. This is not true. In fact, increased compliance as a result of a vasodilator drug can result in a decrease, an increase or no change in E ine. This point is best illustrated by curves describing the relationship between E ine and compliance. Our studies of brachial artery elastic properties in normal human subjects resulted in the following mean data: compliance (mmvmmlfg) and E ine (dyn/cm") respectively at 95 COMPLIANCE (mm 2 Imm HlI) 
COLLAGEN (PARALLEL) ELASTIN
In order to quantify the contributions of collagen, elastin and smooth muscle to overall arterial wall stress and stiffness, models of the arterial wall have been developed. These models have been applied to arterial elastic mechanics data acquired in animals in vitro and in vivo. 4 ,22.23 Our laboratory used a modified Maxwell model of the arterial wall ( Figure 5 ) to estimate the contributions of collagen, elastin and smooth muscle to the total wall stress and E inc measured in vivo in the brachial artery of normal human subjects." In this model, the parallel elastic component (PEC) consists of collagen and elastin in parallel with the smooth muscle. The collagen component of the PEC is depicted as an array of stiff hooks of varying length, which engage as the vessel is stretched." The smooth muscle is connected to additional collagen, which is placed in series with the smooth muscle and comprises the series elastic component (SEC). A number of simple equations can be derived based on this model and used to calculate the differential contributions of parallel collagen, elastin and the combined smooth muscle-series collagen. The PEC can be assessed following near-complete smooth muscle relaxation with large doses of intra-arterial nitroglycerin. The elastic modulus of elastin can be determined by measuring the slope of a tangent to the stress-strain curve at 0 mmHg transmural pressure following nitroglycerin. In our in vivo brachial artery studies, the elastic modulus of elastin using this model was approximately 3 x 10 6 dyn/crrr', which is similar to values obtained in vitro." and in animals in vivo. 22 ,27 The contribution of the combined smooth muscle-SEC to arterial wall stress or E inc can be determined by calculating the difference in total wall stress or E inc between the fully relaxed vessel and the vessel under different levels of smooth muscle tone but identical strain. Under isometric conditions, the PEe is contributing equally to arterial elastic properties and thus any additional stress or stiffness measured is due to the smooth muscle and its associated
Mechanisms of compliance changes with changes in smooth muscle tone
conditions. Nitroglycerin, on the other hand, produced a large increase in compliance compared with baseline, and no significant change in E inc • If smooth muscle relaxation or contraction is viewed as a shift from one E inc VS compliance curve to another, the potential effects of alterations in smooth muscle tone can be seen. Vasodilation that results in a decrease in compliance will increase E inc and vasodilation that produces a very large increase in compliance will decrease E inc ' However, vasodilation that produces a small or· moderate increase in compliance will result in a concomitant increase in E inc ' Additionally, the greater the vasodilation, the greater is the increase in compliance required in order for E inc to decrease. Theoretical curves following smooth muscle relaxation can also be constructed to clarify the various relationships between the terms compliance, distensibility, pulse wave velocity and incremental elastic modulus. If this is done, one sees what is inherent in the definitions of the terms. Elastic modulus and distensibility are terms that describe solely the stiffness of the blood vessel wall and are independent of arterial size and geometry. Thus any change in smooth muscle tone will produce opposite effects on distensibility and elastic modulus regardless of the magnitude of the change. In contrast, compliance and pulse wave velocity are terms that incorporate both wall stiffness and vessel size. Changes in smooth muscle tone will produce opposite effects on compliance and pulse wave velocity.
Isobaric changes in compliance following alterations in smooth muscle tone are the net result of a number of competing effects. Isobaric smooth muscle contraction decreases arterial compliance by the addition of a tensile force to the arterial wall. Smooth muscle contraction also decreases arterial compliance by tensing nonmuscular connective tissue elements in the vessel wall that are in series with the muscle. However, isobaric smooth muscle contraction increases compliance by 'disengaging' collagen and elastin fibers in parallel with the smooth muscle that have previously been recruited or stretched when the vessel circumference was greater. Since collagen fibers are very stiff, this effect can be large. The relative magnitude of these three competing forces determines whether isobaric smooth muscle contraction increases or decreases the 'stiffness' component of arterial.compliance. The final way in which smooth muscle contraction can alter arterial compliance is through a geometric effect. By making the vessel smaller, smooth muscle contraction decreases arterial compliance for any given wall stiffness or E inc as was shown in Figure  4 . It is thus helpful to consider smooth muscle contraction effects on. arterial compliance as the overall result of two separate factors: (l) a stiffness component, which is the result of the net effect of increased smooth muscle tension and series elastic component stretch, decreased parallel elastin tension and parallel collagen disengagement, and (2) a geometric component. SEC. Figure 6 shows the differential contributions of the wall components to E inc under different levels of smooth muscle tone between 0 and 100 mmHg transmural pressure. In the fully relaxed vessel, elastin contributes predom inantly to E inc at low pressures and parallel collagen increasingly contributes to E inc as pressure is increased. As vessel tone increases (baseline and norepinephrine conditions), the predominant elements contributing to total E ;nc are increas-ingly smooth muscle and its associated SEC (series collagen in our model). If there is a large degree of vasocons triction then little, if any, of the parallel collagen and elastin fibers contribute to arterial wall stiffness, since the vesse l is sufficiently small for these fibers to be slack. 
Clinical implications of drug therapy

J-LV AFTERLOAD
There are a number of potential reasons for targeting drug therapy to improve large artery elastic properties. The most apparent is to reduce left ventricular afterload. Left ventricular afterload consists of both steady (resistance) and pulsatile components. The steady component of left ventricular afterload can be readily determined by assessi ng the ratio of mean cardiac output to mean arterial pressure . The pulsatile components of left ventricular afterload can be determined by using invasive techniques to measure aortic pressure and flow waves and then applying Fourier analysis to calculate aortic input impedence (the ratio of pressure to flow at the aortic root, which is the input to the remainder of the vascular tree ). Vasodilator drugs can impact on this pulsatile comp onent of left ventricular afterload in a number of ways ( Figure 7 ). Relaxation of aortic smooth muscle can increase aort ic compliance by either increa sing aortic diameter. decreasing aortic wall stiffness, or both. Although the aorta is an elastic artery. without large amounts of smooth muscle, studies in both anim als":" and humans 28 . 29 have shown that smooth muscle relaxation within the wall of the aorta can directly improve elastic properties and increase size of this vesse l. Alternatively, vasodilator drugs can relax muscular artery smooth muscle and increase compli ance. The direct effec t of this improvement in compli ance on left ventricular afterload is quite small. However, improvements in muscul ar artery compliance result in decre ases in pulse wave velocity and thus decreases in wave reflection, a significant contributor to left ventricular afterload." Finally pressure. This decrease in mean arterial pressure also produces indirect improvements in the pulsatile components of left ventricular afterload by disengaging parallel collagen fibers within aortic and muscular arteries and increasing their compliance. In addition. vasodilation of small arteries may decrease wave reflection independent of changes in resistance by changing the relative cross-sectional area of parent and daughter vessels just proximal to the resistance vessels." Thus, a complete understanding of the hemodynamic effects of a given drug requires that one characterize its effects on both mean and pulsatile components of left ventricular afterload. As a greater understanding of the effects of drugs on arterial elastic properties is acquired, vasodilator drug therapy is likely to be targeted not only at the resistance vessels, but also at the conduit arteries.
